We present the first next-to-leading-order QCD analysis of neutrino charm production, using a sample of 6090 ν µ -and ν µ -induced opposite-sign dimuon events observed in the CCFR detector at the Fermilab Tevatron. We find that the nucleon strange quark content is suppressed with respect to the non-strange sea quarks by a factor κ = 0.477 + 0.063 − 0.053 , where the error includes statistical, systematic and QCD scale uncertainties. In contrast to previous leading order analyses, we find that the strange sea x-dependence is similar to that of the non-strange sea, and that the measured charm quark mass, m c = 1.70 ± 0.19 GeV/c 2 , is larger and consistent with that determined in other processes. Further analysis finds that the difference in x-distributions between xs(x) and xs(x) is small. A measurement of the Cabibbo-Kobayashi-Maskawa matrix element |V cd | = 0.232 + 0.018 − 0.020 is also presented.
Introduction
Nucleon structure at high momentum transfers is characterized by parton distribution functions, which describe the proton and neutron in terms of quarks and gluons using the factorization theorems of Quantum Chromodynamics (QCD) [1] . These nucleon parton distributions are essential inputs when using perturbative calculations to predict high energy processes involving nucleons, such as those at the Tevatron collider and the planned LHC. The ability to consistently predict such processes using one set of universal parton distributions is an important test of QCD as the theory of the strong interactions. Neutrino-nucleon deep-inelastic scattering is particularly suited for measuring the parton densities due to the neutrino's ability to resolve the flavor of the nucleon constituents. Furthermore, neutrino scattering is an effective way to study the dynamics of heavy quark production, due to the light to heavy quark transition at the charged current vertex. In particular, neutrino charm production can be used to isolate the nucleon strange quark distributions, xs(x) and xs(x).
We present the first next-to-leading-order (NLO) QCD analysis of neutrino and antineutrino production of charmed quarks including the first direct determination of the strange quark distribution defined at NLO. The order of the strange quark distribution from this analysis matches that of recent global nucleon structure analyses, like those of CTEQ [2] and MRS [3] . Since the data presented here provide the most sensitive constraints on the strange quark distribution, these results should become important ingredients in future global parton distribution fits.
In addition, we present measurements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |V cd | and the mass of the charm quark m c . The charm quark mass from this analysis is directly comparable with m c measurements derived from NLO analyses of other processes. Such comparisons are a test of the perturbative QCD phenomenology for heavy quarks. Neutrino production of charm off nucleon d quarks provides a direct determination of the product |V cd | 2 B c , where B c is the weighted average of the semileptonic branching ratios of the charmed hadrons produced. |V cd | is isolated by including an estimate of B c using data from other experiments, including a re-analysis of Fermilab neutrino-emulsion data.
The signature for the production of charmed quarks in neutrino-and antineutrinonucleon scattering is the presence of two oppositely-signed muons. In the case of neutrino scattering, the underlying process is a neutrino interacting with an s or d quark, producing a charm quark that fragments into a charmed hadron. The charmed hadron's semileptonic decay produces a second muon of opposite sign from the first. The analogous process with an incident antineutrino proceeds through an interaction with an s or d antiquark, again leading to oppositely-signed muons in the final state.
The CCFR detector and event selection
The dimuon data were accumulated during two runs, E744 and E770, with the ChicagoColumbia-Fermilab-Rochester (CCFR) detector at the Fermilab Tevatron Quad-Triplet neutrino beam. This wide-band beam was composed of ν µ and ν µ with energies up to 600 GeV and a flatter energy spectrum than characteristic of horn-focused neutrino beams. In the CCFR detector [4, 5] , neutrino interactions occur in the 690 ton unmagnetized steel-scintillator target-calorimeter, which is instrumented with drift chambers for muon tracking. The calorimeter's hadronic energy resolution is σ/E = 0.85/ √ E. The target is followed by a solid-iron toroidal magnetic spectrometer, which identifies muons and measures their momenta with a resolution ∆p = 0.11p.
The detector measures p µ 1 and p µ 2 , the momenta of the two muons, θ µ 1 and θ µ 2 , the angles of the muons with respect to the neutrino beam axis, and E vis had , the energy of the hadronic system. Muon 1 is labeled as the leading muon, defined as the one emerging from the leptonic vertex, using a procedure described below. The visible energy in a dimuon event, E vis = E µ 1 + E µ 2 + E vis had , misses the energy of the decay neutrino. Therefore, we make the distinction between the visible quantities-quantities derived directly from measurement-and the physical quantities, which are inferred on average by correcting distributions of the visible quantities using the Monte Carlo simulation described below. Variables commonly used to describe deep inelastic scattering are: Q 2 vis = 4E vis E µ 1 sin 2 (θ µ 1 /2), the negative square of the four-momentum transfer,
, the Bjorken scaling variable, where M is the nucleon mass, y vis = (E had + E µ 2 )/E vis , the inelasticity, and W 2 vis = M 2 + Q 2 vis (1/x vis − 1), the invariant mass squared of the hadronic system.
In the experiment, charged-current single muon events are required to have E vis > 30 GeV, E vis had > 10 GeV, Q 2 vis > 1 GeV 2 /c 2 and p µ 1 > 9 GeV/c. Dimuon events are selected by making the further requirement that the second muon has p µ 2 > 5 GeV/c and that both muons have θ µ < 0.250 rad. The second muon's momentum is measured in the magnetic spectrometer whenever possible, otherwise it is determined from the muon's range in the target. In order to reduce non-prompt sources of second muons, events in which muon 2 does not reach the toroid must also satisfy E vis had < 130 GeV. The final dimuon sample contains 6090 events and is characterized by E vis = 192 GeV, W Results from a leading-order analysis of this data sample were reported previously [6] .
Differential cross section
The differential cross section for dimuon production is expressed generally as
where the function D(z) describes the hadronization of charmed quarks and B c is the weighted average of the semi-leptonic branching ratios of the charmed hadrons produced in neutrino interactions.
The heavy charm quark introduces an energy threshold in the charm production rate. This is a kinematic effect for which ξ, the momentum fraction of the struck quark, is related to the Bjorken scaling variable x, through the expression [7] [10] . In the NLO formalism, violation of the Callan-Gross relation emerges as a consequence of QCD.
The LO expression illustrates the sensitivity of the process to the strange quark sea. Charm (anticharm) production from scattering off d (d) quarks is Cabibbo suppressed. In the case of charm produced by neutrinos, approximately 50% is due to scattering from s quarks, even though the d quark content of the proton is approximately ten times larger. In the case of antineutrino scattering, where d quarks from the sea contribute, roughly 90% is due to scattering off s quarks.
Because neutrino charm production has a large sea quark component at leading-order, the next-to-leading-order gluon-initiated contributions are significant [11] . The size of the gluon distribution, which is an order of magnitude larger than the sea quark distribution, compensates for the extra power of α S involved in the gluon-initiated diagram. The NLO quark-initiated diagrams, shown in Figure 1b , in which a gluon is radiated, also enter the perturbative expansion at O(α S ), but the contributions of these diagrams to the cross section are not enhanced by large underlying parton distributions. Calculations including the next-to-leading-order formalism have recently become available [12, 13, 14] and lead to the analysis in this Letter. a) The dominant diagrams: the leadingorder quark-initiated diagram, and the t channel and u channel gluon-initiated diagrams, respectively. b) The radiative-gluon and self-energy diagrams.
Monte Carlo simulation
Information about the strange sea, the charm quark mass, and the branching ratio is extracted by comparing the x vis and E vis distributions of the data to theoretical expectations contained in a Monte Carlo simulation. The Monte Carlo program models the dependence of these physics parameters as well as the effects of detector acceptance, resolution smearing, and missing energy associated with the charmed particle decay. Dimuon Monte Carlo event generation proceeds by using a simulated sample of charged-current single muon events and demanding that the hadronic system contains a second muon from charm decay. The single muon Monte Carlo sample is normalized to the charged-current data sample, ensuring that the Monte Carlo energy spectrum exactly models that of the data.
The species of charmed particles produced in neutrino interactions as a function of neutrino energy was measured by Fermilab E531 [15] . With an E ν > 30 GeV cut, the production is dominated by charged and neutral D mesons. Fragmentation to D's in the Monte Carlo simulation is parameterized by the fragmentation function of Collins and Spiller [16] ,
is the fraction of its maximum momentum that the D meson carries and ǫ is a free parameter. The parameter ǫ in the fragmentation model is fit by using the distribution of
The dimuon events are divided into those from incident ν µ orν µ by a separation procedure that assumes that the leading muon has larger transverse momentum with respect to the direction of the hadron shower than the muon from the charmed hadron decay. This procedure separates the sample into 5030 ν µ -induced events and 1060 ν µ -induced events. The largest uncertainty in this procedure is due to the knowledge of the charm meson p ⊥ distribution. For this study we parameterize the p ⊥ distribution by dn/dp
⊥ and use the Fermilab E531 emulsion data [15] with W 2 > 30 GeV 2 /c 2 to determine β = 1.21 ± 0.34. Using this method, the separation procedure is found to misidentify 5.8 ± 0.4% of the ν events and 7.3 ± 0.4% of the ν events.
The charm-initiated dimuon signal is contaminated by non-prompt pion and kaon decay. The high-density calorimeter minimizes this contamination due to the short interaction length of the detector. A combination of hadronic test beam muoproduction data and Monte Carlo simulations predicts a small π/K decay background of 797 ± 118 ν µ and 118 ± 25 ν µ events [17] .
To calculate the probability of producing charm, we employ the NLO QCD charm production differential cross section calculation of Aivazis, Collins, Olness and Tung [12] , including the Born and gluon-fusion diagrams, shown in Figure 1a . These are the leading contributions to charm production. The calculation is performed in the MS scheme. The factorization scale in the calculation is chosen to be µ = 2p max ⊥ , where
is the maximum available transverse momentum of the initial state quark coming from the gluon splitting, or equivalently of the final state charm quark, for the given kinematic variables x and Q 2 . The renormalization scale is chosen to equal the factorization scale. We discuss the uncertainty due to the choice of these scales below. Electromegnetic radiative corrections to the cross section are calculated using the method of Bardin et al. [18] .
The finite momentum cut on the second muon limits the acceptance of events attributable to gluon-initiated production,
Gluon-initiated production of charm proceeds through both the t and u channels as shown in Figure 1a . While these diagrams are quantum mechanically equivalent, they dominate different regions of phase space. In the t channel, the gluon splits into an ss pair and the c quark emerges from the W-boson vertex. In the u channel, the legs of the c and s quarks are crossed-the gluon splits into a cc pair and the s quark emerges from the W-boson vertex.
In the W-boson-gluon center of mass frame, the c quark is produced at an angle θ * c relative to the W-boson direction. The production angle is related to the momentum of the c quark in the lab, and hence with p µ 2 . When θ * c is small-t channel dominancethe c quark carries most of the W-boson momentum. As θ * c approaches π-u channel dominance-the c quark emerges with little momentum in the lab. Consequently, events with large θ * c are less likely to produce a second muon with p µ 2 > 5 GeV/c. An acceptance correction due to this effect is determined by folding the calculated squared production amplitude for producing charm at angle θ * c with the experimental acceptance. To determine the experimental acceptance, the ability of events with finite θ * c to pass the 5 GeV/c p µ 2 cut is compared to that when the events are generated with θ * c = 0. We find that this relative acceptance drops to near zero at θ * c = π, and is about 74% at θ * c = π/2. Integrating over the calculated squared production amplitude, which peaks in the forward and backward directions, the overall t-u channel acceptance correction for gluon-initiated production is 60 ± 10%. The effect of this acceptance correction is small but not insignificant; for example, it shifts the value of m c determined from the fit described below by +0.07 GeV/c 2 .
Measurements of the F 2 and xF 3 structure functions by CCFR [19, 20] are used to determine the singlet and the non-singlet quark distributions, xq SI (x, µ 2 ) = xq(x, µ 2 ) + xq(x, µ 2 ) and xq N S (x, µ 2 ) = xq(x, µ 2 )−xq(x, µ 2 ), respectively, and the gluon distribution, xg(x, µ 2 ) [21]. These distributions are obtained from next-to-leading-order QCD fits to the structure function data [22] using the QCD evolution programs of Duke and Owens [23] .
To resolve the strange component of the quark sea, the singlet and non-singlet quark distributions are separated by flavor. Insofar as isospin is a good symmetry, our experiment is insensitive to the exact form of the up and down valence and sea quark distributions, because the neutrino target is nearly isoscalar. An isoscalar correction accounts for the 5.67% neutron excess in the target.
The proton valence quark content, xq V (x, µ 2 ) = xq N S (x, µ 2 ), is parameterized by
where the shape difference for xd V (x) better fits charged-lepton scattering measurements of F n 2 /F p 2 [24] . A d is fixed by demanding that the ratio of the number of d to u valence quarks in the proton is 1/2.
The non-strange quark and antiquark components of the sea are assumed to be symmetric, so that xu(x, µ
. The isoscalar correction is applied assuming xu(x, µ 2 ) = xd(x, µ 2 ). The strange component of the quark sea is allowed to have a different magnitude and shape from the non-strange component. The strange quark content is set by the parameter
where κ = 1 would indicate a flavor SU(3) symmetric sea. The shape of the strange quark distribution relates to that of the non-strange sea by a shape parameter α, where α = 0 would indicate that the strange sea has the same x dependence as the non-strange component of the quark sea. Shape parameters are defined for each of the two fits below. In the first fit the strange quark and antiquark distributions are assumed to be the same; in the second fit xs(x, µ 2 ) and xs(x, µ 2 ) are fit separately.
This fit assumes that xs(x, µ 2 ) and xs(x, µ 2 ) are the same. The sea quark distributions are parameterized by:
where A s is defined in terms of κ and α.
A χ 2 minimization is performed to find the strange sea parameters κ and α, the values of B c and m c , and the fragmentation parameter ǫ, by fitting to the x vis , E vis and z vis distributions of the dimuon data, projections of which are shown in Figure 2 . Taking |V cd | = 0.221 ± 0.003 and |V cs | = 0.9743 ± 0.0008 [25] as input values and using the Collins-Spiller fragmentation function, the extracted NLO parameters with their statistical and systematic errors are presented in the first line of Table 1 . In this primary fit, the uncertainties due to fragmentation are included in the statistical errors of all of the parameters. The value of χ 2 = 52.2 for 65 degrees of freedom suggests excellent agreement between the data and the NLO theoretical model.
Our previous LO results [6] , which were found by fitting to the x vis and E vis distributions of the same data sample and using the Peterson fragmentation function [26] ,
2 } −1 with ǫ P = 0.20, are listed in the third line of Table 1 . For comparison with these results, Table 1 includes the NLO parameters determined using the same fit procedure. The two fits using the Peterson fragmentation function include the uncertainty due to fragmentation in the systematic errors of all of the parameters. Table 1 : Next-to-leading-order and leading-order fit results, assuming xs(x) = xs(x). Errors are statistical and systematic, except that the errors on the fragmentation parameters are statistical only.
Estimates of the systematic uncertainties are obtained by varying model parameters within errors and are itemized in Table 2 .
Parton distributions are defined to a given order and scheme in QCD. Therefore, the magnitude of a given parton distribution differs between leading-order and next-toleading-order. At NLO, the nucleon strange quark content is found to be κ = 0.477
−0.050 , indicating that the sea is not SU(3) symmetric-qualitatively the same result as from the LO analysis. The strange quark content may alternatively be given by
so that by comparing to the total non-strange quark content, η is less sensitive to changes in the determination of the sea quark content alone. At µ 2 = 22.2 GeV 2 /c 2 the ratio of Table 2 : Sources of systematic uncertainty in the determination of the fit parameters.
antiquarks to quarks in the nucleon at NLO is found to be dxxq(x, µ 2 )/ dxxq(x, µ 2 ) = Q/Q = 0.245 ± 0.005 and thereby the strange quark content with respect to the nonstrange quarks is η = 0.099 ± 0.008 ± 0.004
Since a nonzero value of α would indicate a shape difference between xq(x) and xs(x), the value α = −0.02 + 0.66 − 0.60 indicates no shape difference at NLO. At leading order, we find the strange quarks softer than the overall quark sea by a factor (1−x) α with α = 2.5±0.7. The difference in α between NLO and LO is attributable to the NLO xq(x) being softer than its LO counterpart, as shown in Figure 3 . Figure 4 shows the NLO and LO xs(x), again indicating that the NLO distribution is larger in magnitude and softer than its LO counterpart.
The strange quark distribution from the xs(x, µ 2 ) = xs(x, µ 2 ) fit is tabulated in Table  3 for a few values of x and µ 2 and is plotted at µ 2 = 4 GeV 2 /c 2 in Figure 4 . The distribution can be parameterized by a function of the form a (1 − x) b x −c . The values of the coefficients a, b and c are tabulated in Table 4 .
The charm quark mass parameter from the NLO fit is 1.70 ± 0.19 GeV/c 2 , which differs from the leading-order result, indicating the marked dependence of m c on the order to which the analysis is done. The NLO value of m c can be more consistently compared with measurements derived from other processes involving similar higher-order perturbative QCD calculations. A photon-gluon-fusion analysis of photoproduction data finds m c = 1.74
+0.13
−0.18 [27] . The values of B c from the NLO and LO fits are consistent, providing a good check Table 3 : Values of xs(x, µ 2 ), defined at NLO using the MS renormalization scheme, from the xs(x, µ 2 ) = xs(x, µ 2 ) fit. The first error is statistical, the second is experimental systematic and the third is due to QCD scale uncertainty. of the fit procedure and the physics model. This value is constrained by neutrino charm production at x > 0.3 where the valence d quark contribution dominates, and thus is independent of the strange and other sea quark distributions. The value of B c = 0.109
agrees with an indirect determination, B I c = 0.099 ± 0.012, which is described in section 5.
As with all applications of perturbative QCD, a theoretical uncertainty is associated with the choice of factorization and renormalization scales. Some scale dependence is unavoidable for any calculation done to finite order in α S . The µ 2 scale is interpreted as setting the boundary between the collinear and noncollinear regions of the p ⊥ integration over the final states. Therefore, a scale proportional to p The strange quark distribution xs(x, µ 2 = 4.0 GeV 2 /c 2 ) determined at next-to-leading order (described in section 4.1) and leading order. The band around the NLO curve indicates the ±1σ uncertainty in the distribution. Table 4 : The coefficients a, b and c from the parameterization of xs(x, µ 2 ) using the form a (1 − x) b x −c , as described in the text.
Ref. [11, 28] . Figure 5 shows the scale dependence of the differential cross section, where the abscissa is in units of p max ⊥ . The scale dependence is weak for µ values above one unit of p max ⊥ , and there is a stronger scale dependence when µ is below this value. We choose µ = 2p 
xs(x) = xs(x) fit
Theoretical work has explored the possibility that the nucleon contains a sizable heavy quark component at moderate x-the possibility of so-called intrinsic heavy quark states within the nucleon [29] . Postulating intrinsic strange quark states leads to the prediction that the s quark momentum distribution will be harder than the s quark distribution [30] . We explore this possibility by performing a fit in which the momentum distributions of the s and s quarks are allowed to be different. For this study the sea quark distributions are parameterized by:
The s and s are constrained to have the same number
A s and A ′ s are defined in terms of κ, α and α ′ .
In order to reduce the number of free parameters, this fit constrains the average charmed hadron branching ratio to the value obtained from other measurements, B 
where the first error is statistical, the second is systematic, the third is due to the uncertainty in B I c , and the fourth is the error due to µ 2 scale uncertainty.
The value of ∆α = −0.46 ± 0.85 ± 0.17 indicates that the momentum distributions of s and s are consistent and the difference in the two distributions is limited to −1.9 < ∆α < 1.0 at the 90% confidence level. This is the first quantitative comparison of the components of the s and s quark sea.
We also checked the assumption that the same average semileptonic branching ratio applies to the ν-and ν-induced samples. A two parameter fit finds the branching ratio of ν-induced events B c = 0.1147 ± 0.0056, and ∆B c = B c − B is the branching ratio for ν-induced events and the errors are statistical only. The result indicates that there is no significant difference in the semileptonic decays of charmed particles and antiparticles at these energies.
|V cd | measurement
If the CKM matrix elements are not assumed, then the four parameter NLO fit in section 4.1 is performed by fitting α, m c and the following products: 
These combinations can be used to extract |V cd | 2 and κ|V cs | 2 when B c is determined from other data. B c is determined by combining the charmed particle semileptonic branching ratios measured at e + e − colliders [25] with the neutrino-production fractions measured by the Fermilab E531 neutrino-emulsion experiment [15] We find B I c = 0.099 ± 0.012 and extract the value of the CKM matrix element |V cd | = 0.232
where the error indicates all sources of uncertainty, including the µ 2 scale uncertainty. It compares very well with the PDG value, |V cd | = 0.221 ± 0.003, which is determined from measurements of the other matrix elements and the unitarity constraint on the CKM matrix assuming three generations. A measurement of |V cs | will be possible when an independent measurement of the strange sea content is available.
Summary
We have perfomed the first NLO QCD analysis of neutrino charm production and have measured the nucleon strange quark distribution and the electroweak parameters m c and |V cd |. We find: 
where κ is the strange quark content with respect to the non-strange sea and α indicates a shape difference between the strange and non-strange sea, xs(x) ∝ (1 − x) α [xu(x) + xd(x)]/2. The first error combines statistical and systematic errors in quadrature and the second is the uncertainty due to QCD µ 2 scale. This value of κ indicates that the quark sea is not flavor SU(3) symmetric. The relative shape parameter α is consistent with zero, indicating that there is no shape difference between the strange and non-strange components of the sea. The value of m c obtained from the NLO analysis is consistent with that found in other processes.
Using an externally determined production weighted charmed hadron branching ratio, B 
We have also studied the possibility of a shape difference between the xs(x) and xs(x) distributions. We find that ∆α = α − α ′ = −0.46 ± 0.85 ± 0.17,
where α and α ′ are shape parameters for xs(x) and xs(x), indicating no shape difference between the components of the strange quark sea. A shape difference is limited to −1.9 < α − α ′ < 1.0 at 90% confidence level.
The strange sea can also be inferred from a comparison of charged lepton and neutrino structure functions. To leading-order the lepton and neutrino structure functions are related by the "5/18ths rule," F [19, 20] with those form SLAC (eD) [33] , NMC [34] and BCDMS (µD) [35] , shows good agreement for x > 0.1 but a small discrepancy is seen between the neutrino and muon results for lower x. The source of this disagreement is under investigation, but may be due to the extra axial vector component present in neutrino scattering [36] . In contrast, the recent global fits by the CTEQ Collaboration (CTEQ1 distributions) [2] have attributed the muon versus neutrino difference to an enhanced strange sea at low x.
1 This possibility is ruled out by the measurements presented here. ηg , and evolved to all other values of µ 2 using the GLAP [9] evolution equations. A N S is constrained by the fermion conservation sum rule dx x xq N S (x) = 3, and A g is constrained by the momentum sum rule dx [xq SI (x) + xg(x)] = 1. The final fit parameter is the strong coupling constant, given by Λ MS , for a total of eight fit parameters. At µ 2 0 = 1 GeV 2 /c 2 , the parameters are Λ MS = 0.210 ± 0.021 GeV/c, η 1 = 0.947 ± 0.027, η 2 = 3.81 ± 0.059, η 3 = 0.405 ± 0.047, B N S = 0.0210 ± 0.0039, A sea = 1.404 ± 0.047, η sea = 6.49 ± 0.22, η g = 3.18 ± 0.70, where the errors are statistical only.
